All eggs are activated at fertilization by an increase in intracellular free Ca 2+ . How the spermatozoa triggers the release of intracellular Ca 2+ has not been established in any species. One hypothesis is that spermatozoa introduce a Ca 2+ -releasing factor into the cytoplasm after gamete membrane fusion. It has been suggested that spermatozoa may introduce Ca 2+ itself, or a small molecular weight factor that triggers the release of Ca 2+ from intracellular stores. However, these suggestions are not consistent with a number of experiments in vertebrate eggs. Here, I present the argument that spermatozoa cause intracellular Ca 2+ oscillations in mammalian eggs by introducing a specific protein called an oscillogen. It is suggested that it does not mediate its effects by causing increased inositol, 1,4,5-trisphosphate (InsP3) production, but instead directly affects the ability of the stores to undergo Ca 2+ -induced Ca 2+ release. The sperm oscillogen hypothesis may help explain the patterns of intracellular Ca 2+ waves that occur during fertilization in hamster eggs, as well as the ability of an injection of live spermatozoa to activate development in human eggs. et al., 1993a; Swann and Ozil, 1994) . The first [Ca 2+ ] i increase in mammalian eggs is a [Ca 2+ ] i wave similar to that in the sea urchin egg (Miyazaki et al., 1986 (Miyazaki et al., , 1992 , but subsequent [Ca 2+ ] i transients appear to be synchronous pulses of Ca 2+ release (Miyazaki et al., 1986) . Oscillations in [Ca 2+ ] i are also seen at fertilization in bivalve mollusc oocytes (Deguchi and Osanai, 1994) . In most cases the immediate source of the [Ca 2+ ] i increase is a release from intracellular stores (Jaffe, 1983; Swann and Ozil, 1994) . A notable exception is the marine worm Urechis in which Ca 2+ influx at fertilization activates the egg (Jaffe, 1983) . I shall address the general problem as one of how the spermatozoa triggers Ca 2+ release from internal stores.
To find out how a spermatozoon triggers Ca 2+ release in the egg, it is important to establish when sperm-egg fusion takes place with respect to Ca 2+ release. McCulloh and Chambers (1992) have measured the fusion of spermatozoa electrically by monitoring the increase in capacitance caused by the extra plasma membrane it contributes. They demonstrated that gamete fusion causes the initial membrane current in the egg at fertilization, which means that fusion precedes Ca 2+ release by at least 7 s. Fusion before Ca 2+ release is also supported by the finding that dextran-linked fluorescent dyes can diffuse from the egg into the spermatozoon before the [Ca 2+ ] i wave occurs in sea urchin and mouse eggs (K. K. Swann, Y. Lawrence and M. J. Whitaker, unpublished) . In many other species fusion probably occurs at least by the time the sperm tail stops beating, which again implies fusion before Ca 2+ release (Whitaker and Swann, 1993) . This means that the spermatozoon and egg are one cell at the time of signal transmission. This is not a conventional transmembrane signalling problem and alternative signal transduction mechanisms must be considered. There is a characteristic delay between gamete fusion and Ca 2+ release which is known as the latent period. Figure 2 represents the alternative situations that may occur during this latent period (McCulloh and Chambers, 1992; Whitaker and Swann, 1993) . The Ca 2+ release is thought to occur via either the InsP 3 -sensitive or the ryanodine-sensitive class of Ca 2+ release channels that are located in the endoplasmic reticulum (Whitaker and Swann, 1993) . The role of these channels in Ca 2+ release is reviewed elsewhere (Berridge, 1993; Furuichi et al., 1994) . Little is known about the events occurring during this latent period at fertilization except that they are rather temperature dependent (the Q 10 is ~2.3), which means they are likely to reflect the time required for enzymatic reactions (Allen and Griffen, 1958) . In contrast, the wave of Ca 2+ release that occurs after the latent period has a lower Q 10 (~1.4), suggesting a diffusion limited reaction (Allen and Griffen, 1958) . The mechanism used by the spermatozoa to initiate Ca 2+ release may be different from the mechanism that generates the wave (Whitaker and Swann, 1993) . This review concerns what triggers the initial release of Ca 2+ .
One proposal for signal transduction at fertilization is that the spermatozoon uses transmembrane proteins to trigger Ca 2+ release analogous to the way hormones act in somatic cells; the main features are shown schematically in Fig. 2a . This hypothesis also involves the Ca 2+ -releasing second messenger InsP 3 and is discussed in detail elsewhere (Foltz and Shilling, 1993; Miyazaki et al., 1993a) . It should be noted that, although the molecules on the spermatozoa that bind them to eggs have been identified in sea urchins and mammals, they do not actually activate eggs (Myles, 1993; Ohlendiek and Lennarz, 1995) . Only in Urechis does the surface membrane molecule from the spermatozoon activate the egg (Gould et al., 1986) . This species is also unusual in that the source of Ca 2+ is extracellular (Jaffe, 1983) . Consequently, the hypothesis that spermatozoa act upon surface receptors to trigger internal Ca 2+ release still lacks any direct support. The alternative hypothesis for fertilization is that the spermatozoon introduces a cytosolic sperm factor that diffuses directly into the cytoplasm of the egg after fusion (as shown schematically in Fig. 2b ). The evidence for this hypothesis is direct and forms a major part of this review which will discuss the factors that the spermatozoa may introduce to release stored Ca 2+ . Jaffe (1983) first suggested that the spermatozoon introduces Ca 2+ itself into the egg after gamete membrane fusion, with the spermatozoon acting as either a Ca 2+ 'bomb', or a trigger that sets off Ca 2+ -induced Ca 2+ release. Later the hypothesis was modified to suggest that the spermatozoon acts as a conduit to allow continuous flux of Ca 2+ into the egg from the extracellular medium. This was suggested to overload the Ca 2+ stores and subsequently trigger release (Jaffe, 1991) . However, sea urchin eggs can be fertilized in Ca 2+ -free sea water which excludes the conduit proposal (Whitaker and Steinhardt, 1982) . Furthermore, although Ca 2+ injection triggers a wave in frog and fish eggs, it does not trigger a regenerative wave in sea urchin eggs (Whitaker and Swann, 1993) . It has also proved impossible to cause [Ca 2+ ] i oscillations by microinjecting, or electroporating Ca 2+ into mammalian eggs (Igusa and Miyazaki, 1983; Swann, 1992; Ozil and Swann, 1995) . It therefore seems highly unlikely that the spermatozoon itself introduces Ca 2+ to activate the egg. Dale and colleagues (1985) first reported that injecting cytosolic extracts from sea urchin spermatozoa could trigger exocytosis in sea urchin eggs. In later studies, similar extracts were shown to stimulate an outward current response similar to that seen at fertilization in ascidian oocytes (Dale, 1988) . These experiments suggested that spermatozoa contain a soluble activating factor, but the nature of the factor was not investigated. These authors subsequently demonstrated high concentrations of InsP 3 in sea urchin, ascidian and human spermatozoa and argued that the sperm factor was InsP 3 itself (Iwasa et al., 1990; Tosti et al., 1993) . However, the fact that heparin inhibits InsP 3 -induced Ca 2+ release in sea urchin and hamster eggs but does not inhibit fertilization is not consistent with this proposal (Rakow and Shen, 1990; Crossley et al., 1991; Miyazaki et al., 1993b) . It is also difficult to see how InsP 3 would work in hamster eggs, which become desensitized to repeated InsP 3 injections, and in mouse eggs, in which InsP 3 -induced oscillations are characteristically different from those seen at fertilization (Galione et al., 1994; Swann, 1994) . Other molecules of low molecular weight that may diffuse from the spermatozoon into the egg and trigger Ca 2+ release are cyclic GMP and cyclic ADP ribose (Whalley et al., 1992; Galione et al., 1993) . However, neither cyclic GMP nor cyclic ADP ribose appear to trigger Ca 2+ release in mouse or hamster eggs, so if implicated in fertilization, they would have to be species specific (Kline and Kline, 1994; K. Swann, unpublished) . In fact Ca 2+ release after cyclic GMP injection is too slow to account for the latent period in sea urchins (Whalley et al., 1992) . Cyclic ADP ribose is a rapid and effective trigger of Ca 2+ release in sea urchins, but blocking the effects of cyclic ADP ribose with ruthenium red does not inhibit fertilization (Galione et al., 1993) . In sea urchins only the combination of heparin and ruthenium red blocks Ca 2+ release at fertilization (Galione et al., 1993) , and the effective block in such experiments may be due to inhibition of the [Ca 2+ ] i wave rather than what initiates Ca 2+ release. Either way, it seems unlikely that the spermatozoon introduces InsP 3 , cyclic ADP ribose, or a combination of the two directly. The diffusion and binding steps involved are not consistent with the high Q 10 of the latent period in sea urchins. In conclusion, there is no compelling evidence for a molecule of low molecular weight Swann (1990) and Cheek et al. (1992) for details of techniques.
Low molecular weight sperm factor candidates
0.8 0.1 Fura-2 fluorescence ratio diffusing from the spermatozoon into the egg at fertilization. In contrast, a story has now emerged for a protein-based factor triggering Ca 2+ release in mammalian eggs.
The sperm factor as a soluble cytosolic protein
One problem encountered when attempting to identify possible sperm factors is distinguishing a molecule that spermatozoa use from one that just happens to imitate the ability of spermatozoa to cause Ca 2+ release. In sea urchin eggs there are clearly several different molecules that trigger Ca 2+ release with the same dynamics as seen at fertilization. This point probably applies to many other types of egg (Whitaker and Swann, 1993; Swann and Ozil, 1994) . However, mammalian eggs are an exception since sustained [Ca 2+ ] i oscillations cannot be generated in mouse or hamster eggs by simply injecting Ca 2+ or applying Ca 2+ ionophores (Swann and Ozil, 1994) . Even the pattern of oscillations caused by injecting InsP 3 or GTP analogues are distinguishable from those seen at fertilization (Swann et al., 1989; Galione et al., 1994) . It is, therefore, of considerable interest to discover that injecting sperm cytosol triggers sustained [Ca 2+ ] i oscillations that vary in frequency in a similar way to oscillations seen at fertilization in hamster, mouse and human eggs (Swann, 1990 (Swann, , 1994 Homa and Swann, 1994; see Fig. 3) . The cytosolic factor is ineffective if presented outside the cell, and Ca 2+ -releasing activity is specific to spermatozoa and testis extracts (Swann, 1990 ; J. Parrington, K. Swann and F. A. Lai, unpublished) . The existence of a sperm factor is supported by the finding that injecting sperm extracts activates human, rabbit and mouse eggs (Stice and Robl, 1990; Dozortzev et al., 1995;  Y. Lawrence, personal communication). The sperm factor is referred to as an oscillogen, a term taken from that used for a peptide that triggers [Ca 2+ ] i oscillations in skeletal muscle fibres (Kumbaraci and Nastuk, 1982) . From the amount of activity present in crude cytosolic extracts, there appears to be enough oscillogen present in a single spermatozoon to cause the oscillations at fertilization (Swann, 1993) . The sperm oscillogen has been purified and appears to be a single protein with a subunit molecular mass of 33 kDa (J. Parrington, K. Swann and F. A. Lai, unpublished) . This protein is located inside the spermatozoa in the equatorial segment of hamsters, humans and boars. The equatorial segment of the spermatozoon is the region that fuses first with the egg and this 33 kDa protein is, therefore, in an ideal location for an agent that triggers Ca 2+ release at fertilization (Yanagimachi, 1994) .
Pronuclear transfer experiments have provided further support for the existence of the sperm oscillogen. When the female or male pronucleus from a fertilized zygote is transferred into an unfertilized egg, the membrane of the transplanted pronucleus breaks down, [Ca 2+ ] i oscillations are induced and the recipient egg is activated (Kono et al., 1995) . The ability to trigger these oscillations is specific to the pronuclei of a fertilized zygote. Pronuclei from parthenogenetically activated eggs, or cytoplasts from any source are ineffective (Kono et al., 1995) . Even pronuclei from eggs activated by strontium (which triggers [Ca 2+ ] i oscillations) are ineffective. These results suggest that a factor uniquely associated with a fertilizing spermatozoon is conferring Ca 2+ -releasing ability on the nascent pronuclei of early embryos. This factor appears to be the sperm oscillogen, since pronuclei from eggs activated by injection of semi-purified sperm oscillogen also have the same ability to et al., 1995) . Once again a feature that is highly specific to fertilized eggs is perfectly mimicked by injecting the sperm oscillogen. The data also suggest that after egg activation the sperm oscillogen associates with the newly forming nucleus and may play a role in generating [Ca 2+ ] i oscillations during later development. A wider role for the oscillogen in cell signalling is possible, since it can trigger [Ca 2+ ] i oscillations after injection into neurones (Currie et al., 1992) and hepatocytes (C. Berrie and K. Swann, unpublished ) .
Is InsP 3 production involved ?
InsP 3 can trigger Ca 2+ release in all eggs studied and may be expected to play a role in mediating the effects of the sperm factor (see Miyazaki et al., 1993a) . However, all the various methods of mimicking InsP 3 increases in hamster eggs lead to a desensitization of further Ca 2+ release (Swann et al., 1989; Galione et al., 1994; Swann and Ozil, 1994) . There are also differences in the pattern of [Ca 2+ ] i oscillations seen after InsP 3 injection compared with those seen at fertilization, or after sperm oscillogen injection in mouse eggs (Swann, 1992 (Swann, , 1994 . Furthermore, treatment of hamster eggs with phorbol esters completely blocks G-protein-mediated Ca 2+ release, while having virtually no effect on the sperm-or sperm oscillogeninduced oscillations (Swann, et al., 1989; Swann, 1990) . The best evidence implicating a role for InsP 3 at fertilization is, therefore, the finding that a monoclonal antibody to the InsP 3 receptor blocks sperm-induced [Ca 2+ ] i oscillations in both mouse and hamster eggs (Miyazaki et al., 1992 (Miyazaki et al., , 1993a . However, it is not clear why this antibody blocks sperminduced Ca 2+ release when the commonly used InsP 3 receptor inhibitor heparin fails to do so. This is paradoxical because the antibody and heparin are both shown to be equally effective at competitively inhibiting InsP 3 -induced Ca 2+ release (Miyazaki et al., 1992 (Miyazaki et al., , 1993b . Since heparin injection also fails to block sperm-induced Ca 2+ release in sea urchin and pig eggs, the role of InsP 3 in fertilization is still unclear (Racow and Shen, 1990; Crossley et al., 1991; Sun et al., 1994) . It may be that heparin blocks the InsP 3 -binding site of the InsP 3 receptor, but that the antibody blocks the Ca 2+ channel forming domain (Furuichi et al., 1994) . Hence, one possibility is that the InsP 3 receptor is involved in Ca 2+ release at fertilization but that something other than InsP 3 activates the channel (see below). A scheme for how the mammalian sperm oscillogen functions without InsP 3 production is, therefore, presented.
The sperm oscillogen hypothesis
The key observation is that at fertilization there is a fundamental change in [Ca 2+ ] i homeostasis within the egg (Igusa and Miyazaki, 1983) . When small amounts of Ca 2+ are injected into an unfertilized egg, very little Ca 2+ release is triggered from internal stores. However, after fertilization, injecting Ca 2+ causes a large regenerative release of Ca 2+ (Igusa and Miyazaki, 1983; Fissore and Robl, 1994; Ozil and Swann, 1995) . This process is referred to as Ca 2+ -induced Ca 2+ release. In fact, as a result of fertilization there is more than an order of magnitude increase in the gain of the positive feedback loop that generates Ca 2+ -induced Ca 2+ release. This increase does not involve Ca 2+ influx and cannot be mimicked in any way by injecting Ca 2+ , or inhibiting Ca 2+ pumps (Igusa and Miyazaki, 1983; Swann, 1991; Ozil and Swann, 1995) . This increase in gain of regenerative Ca 2+ release is mimicked only by injecting the sperm oscillogen, or by adding the sulfhydryl reagent thimerosal (Swann, 1990 (Swann, , 1991 (Swann, , 1994 . Thimerosal also triggers [Ca 2+ ] i oscillations similar to those seen at fertilization in different mammalian eggs (Swann, 1992 (Swann, , 1994 Cheek et al., 1993; Homa and Swann, 1994 ). In contrast, InsP 3 injection produces some increase in regenerative Ca 2+ release, but only such that eggs generate [Ca 2+ ] i transients that are much smaller in amplitude than those generated at fertilization (Swann, 1991; Fissore and Robl, 1994) . The best clues to how the sperm oscillogen works, therefore, come from the effects of thimerosal rather than InsP 3 . Thimerosal does not appear to cause increased InsP 3 production (Hecker et al., 1989) ,
(a) Fig. 3 . Cytosolic sperm extract injection into unfertilized mouse and human eggs. Zona-free eggs were attached to cover slips, microinjected with semi-purified hamster sperm extracts and intracellular Ca 2+ was monitored by fluo-3 fluorescence as described in Swann (1994) . Increases in fluorescence, which is in arbitrary units, indicate increases in [Ca 2+ ] i , and each scale bar represents 5 min. Extracts were injected into individual eggs (about 1% of egg volume) at the times indicated by the arrows. Typical traces of different frequency responses from different eggs are shown. In (a) the response in a mouse egg resembles the higher frequency reported for fertilization in Kline and Kline (1992) . In (b) injection of another mouse egg produces the lower frequency responses resembling the patterns seen in Cheek et al. (1993) , Miyazaki et al. (1993a) and Swann and Ozil (1994) . In (c) a typical response of an unfertilized human egg to sperm extract injection is shown (see Homa and Swann (1994) for details).
but instead, increases regenerative Ca 2+ release mechanisms by affecting either the InsP 3 -or ryanodine-sensitive Ca 2+ release channels (Swann, 1991; Galione et al., 1993) . The sperm oscillogen may also exert its effects entirely through an increase in the ability of Ca 2+ channels to undergo regenerative release (Swann, 1993 (Swann, , 1994 . The oscillogen does not appear to work by altering the redox state of the cell, since the reducing agent dithiothreitol does not inhibit oscillogen-induced Ca 2+ release (K. Swann, unpublished) . What is proposed is that the cytosolic sperm oscillogen diffuses into the egg after gamete membrane fusion and somehow affects the properties of the same Ca 2+ channels that thimerosal reacts with. This scheme applies mainly to mammalian eggs, since it is the persistent activity of the oscillogen that is thought to cause the oscillations. In non-mammalian eggs, such as those of sea urchins, frogs and fishes, a similar sperm oscillogen may trigger the initial Ca 2+ release, but other diffusion limited processes may be involved in wave propagation (Galione et al., 1993; Whitaker and Swann, 1993) . We expect the sperm oscillogen to be an enzyme because of the high Q 10 of the latent period in sea urchins (Allen and Griffen, 1958) . In the final sections two aspects of fertilization in mammalian eggs that the sperm oscillogen hypothesis helps to explain are presented.
The pattern of Ca 2+ waves after fertilization in mammals
In hamster eggs, the initial [Ca 2+ ] i increase occurs as a wave that crosses the egg in about 6 s from the point of sperm-egg fusion (Miyazaki et al., 1986) . The next few [Ca 2+ ] i transients also cross the egg as waves, but the region that initiates the waves is spread away from the site of sperm-egg fusion. Eventually, the [Ca 2+ ] i transients appear to be initiated simultaneously as pulses of release coming from all regions of the egg (see Fig. 4 ). These pulses may actually be very fast waves that are initiated stochastically from different regions of the egg (Carroll et al., 1994) . Nevertheless, it is clear that there are two processes moving across the egg: a fast [Ca 2+ ] i wave (>15 µm s -1 ) and a quite distinct and slower spread of a zone that triggers the fast waves.
Diffusion of the sperm oscillogen offers an explanation for this phenomenon. When the spermatozoon first fuses with the egg, the oscillogen is localized in and around the site of fusion and so the first wave is initiated from this region. The diffusion of the oscillogen away from the spermatozoon could then be responsible for the trigger zone spreading across the egg. When the oscillogen factor has diffused all over the egg, the [Ca 2+ ] i transients appear synchronously (see Fig. 4 ). Whether a wave is seen in mouse eggs will depend upon the relative timing between fusion and the first [Ca 2+ ] i transient, and this appears to be rather variable in the mouse (Kline and Kline, 1992; Cheek et al., 1993; Swann and Ozil, 1994) . In either case, a diffusing oscillogen could easily explain the spreading of a trigger zone. From the aequorin records of the wave in monospermic hamster eggs, it appears to take about 460 s for the trigger zone to spread across the egg diameter of 70 µm (Miyazaki et al., 1986) . We can estimate the diffusion coefficient (D) of a protein in free solution that would explain the spread of this trigger zone by the equation D = x 2 / 2t (where x is the mean distance from the point source and t is the time taken to diffuse this distance) (Barrow, 1981) . Correcting for the fact that the diffusion coefficient of protein in free solution is about ten times that in cytoplasm (Luby Phelps et al., 1988) , the spread of the trigger zone corresponds to a protein with a diffusion coefficient in free solution of about 5 x 10 -7 cm 2 s -1 . Since the diffusion Sperm factors and fertilization 37 5 -10 min The later waves come from a more delocalized region that is due to the spread of the trigger zone. The trigger zone crosses the whole of the egg in 5-10 min.
coefficient is 6 and 4.3 x 10 -7 cm 2 s -1 for albumin (68 kDa) and catalase (220 kDa), respectively, this value is consistent with the size of the sperm oscillogen, which in solution appears to be a multimeric protein of > 100 kDa (Swann, 1990; J. Parrington, F. A. Lai and K. Swann, unpublished) . The spread of the trigger zone is not easily explained if InsP 3 production is included, since this would diffuse across the egg and activate Ca 2+ release channels in less than 10 s (Allbritton et al., 1992) .
Fertilization by spermatozoa injection
A remarkable new technique for treating male factor infertility involves injecting a whole, live spermatozoon into the human egg (Van Steirtinghem, 1994 (Tesarik et al., 1994) . The reason that ICSI is successful is that several hours after injecting a live spermatozoon, [Ca 2+ ] i oscillations are induced (Tesarik et al., 1994) . These data suggest that there is a factor inside human spermatozoa that triggers [Ca 2+ ] i oscillations and egg activation. The factor has to be a diffusible agent because injecting permeabilized (hence dead) spermatozoa does not cause activation (Dozortsev et al., 1995) . It seems highly likely that this factor is the same as one present in human sperm cytosol that can trigger [Ca 2+ ] i oscillations in unfertilized human eggs (Homa and Swann, 1994) . The data on ICSI are readily explained by the soluble sperm oscillogen theory. The delay between injection of spermatozoa and the onset of [Ca 2+ ] i oscillations is 2-12 h (Tesarik et al., 1994) . With normal fertilization, the sperm cytoplasm has direct access to the egg cytoplasm and oscillations could start within minutes. However, with ICSI, a delay must occur between injection and oscillations because the plasma membrane of the spermatozoon has to be permeabilized before the oscillogen can diffuse out. The sperm membrane may spontaneously permeabilize over a period of several hours. Once permeabilized, the sperm oscillogen would diffuse out and trigger Ca 2+ release. In contrast to this simple explanation, it is hard to see how any receptorbased mechanism would explain the [Ca 2+ ] i oscillations after ICSI. Since ICSI involves injecting a single spermatozoon, these data suggest that there is enough factor in one spermatozoon to activate an egg. The sperm factor may not be present, or else inactive, in spermatids, since these do not cause activation when injected into eggs (Kimura and Yanagimachi, 1995) . If activation after ICSI is explained by the sperm oscillogen then one final point should be noted: although later development has not been studied after injecting cytosolic extracts, the ICSI technique has already lead to the birth of many human babies. This may provide the best possible indication of the effectiveness of the oscillogen in triggering development. 
